Mechanical alloying and pulse discharge sintering (MA-PDS) process was employed to fabricate MoSi 2 alloys with additions of Al, B or Nb alloy elements. Microstructure and mechanical properties of these alloys were investigated. An exothermic behavior was identified during milling. This process is related to the reaction of each element to synthesize intermetallic MoSi 2 . The MoSi 2 alloys fabricated by MA-PDS process showed a very fine microstructure compared to that sintered from the commercial MoSi 2 alloy powders. Significant hardness increase was found due to the refinement of the binary MoSi 2 microstructure. Alloys made from powders milled in air show higher hardness compared to those in Ar gas. This was because of the oxides formed during milling process.
Introduction
MoSi 2 is one of the most promising intermetallic compounds for high temperature applications due to its very high melting point, low density and outstanding oxidation resistance. Unfortunately, the very low ductility and fracture toughness of the pure compound cause the limitation in applying non-structural components. Efforts have been made to improve the room temperature toughness through composites. Ceramic reinforcements such as SiC, ZrO 2 , TiC or Si 3 N 4 were added to the alloy and significant room temperature fracture toughness improvement was observed in these composites. [1] [2] [3] [4] [5] Also, the incorporation of ductile reinforcements such as filaments or whiskers of refractory metals showed the similar enhancement in toughness. [6] [7] [8] Alloying is another way to improve the room temperature toughness. Through addition of alloy elements, the component phases or compositions can be changed and the mechanical properties can be controlled. Attempts have been made on MoSi 2 with a variety of alloy elements such as W, V, Re, Cr, Nb, Al, and B. [9] [10] [11] [12] [13] Aluminum addition was found to be extremely effective in eliminating the grain boundary amorphous silica phases, which are generally considered to be the vital detriment to the hightemperature creep resistance of MoSi 2 alloys. 14) Nb is also an interesting alloy element for MoSi 2 . A theoretical analysis has revealed that Nb, when substituting for the Mo atoms in MoSi 2 , will help to increase the ductility of the alloy. 15) An experimental work has also shown that Nb is effective in increasing the room temperature deformability and the hightemperature strength of the single crystal MoSi 2 . 16) Boron has been added to MoSi 2 to make a bid for the strengthening. Many borides have much high hardness compared to MoSi 2 . Mechanical alloying and pulse discharge sintering (MA-PDS) method has been proved to be efficient in getting a fine microstructure of MoSi 2 intermetallic compound. 17) In the present study, mechanical alloying was used to produce MoSi 2 and MoSi 2 -X (X = Al, B or Nb) alloy powders from the mixtures of pure elemental powders. The powders were consolidated by the pulse discharge sintering process to maintain the fine grain size of the powders.
Experimental Procedure
The nominal compositions for this study were MoSi 2 -3-10 at%X (X = Al, B or Nb). The particle sizes of Mo and Si were less than 3 µm and 74 µm respectively, and the purities were 99.9% and 99%, respectively. The size of both the added elements, Al and Nb, was less than 48 µm and B was less than 10 µm. Their purities were 99%, 99.9% and 99.9%, respectively. The mechanical alloying was conducted as follows: The powders mixed into the desired compositions were put into the milling container in air or inside a glove box where Ar gas was continuously circulated. Milling was carried out by a vibratory ball mill with a frequency of 25 Hz and an amplitude of 2.5 mm. The milling time was 200 hours. The cylindrical stainless steel container had an inner diameter of 120 mm and a height of 120 mm. Hardened steel balls with a 25.4 mm diameter were used and the mixed powders were loaded with a ball/powder ratio of 75/1. A thermal couple was fixed to the outer side of the milling container to measure the temperature change during milling. The mechanically alloyed powders were filled into a graphite mold and were pre-pressed at room temperature. After pre-pressing, sintering was carried out by pulse discharge sintering equipment under a pressure of 55 MPa at 1400
• C for most alloys. For a pure MoSi 2 alloy with powders milled in air, sintering was performed at a temperature range from 1200 to 1500
• C to investigate the effect of sintering temperature on the density of the alloys. The microstructure of the sintered samples was observed with a Scanning Electron Microscope (SEM) and the synthesized phases were identified by X-Ray Diffraction (XRD) method. Vickers hardness test was carried out to estimate the mechanical properties.
Results and Discussions

Mechanical alloying
Elemental powders reacted to form intermetallic compound MoSi 2 during the milling process. This process has been observed in earlier reports. 16, 18) In this research, such process was detected by the sudden change of the temperature. As shown in Fig. 1 , pure MoSi 2 compound formed after milling for about 60 h. Additions of alloy elements slowed this process to longer time. For all the alloys studied in this experiment, heat release was observed during milling to 200 h. Figure 1 shows that 5 and 10 percent boron additions shifted the reaction time to 110 and 160 h respectively. Figure 2 shows the effect of sintering temperature on the density of a pure MoSi 2 alloy made from powders milled in air. It shows that the density increases with sintering temperature but above 1300
Sintering process
• C the increasing appears saturated. The saturated density is about 97.5% of the theoretical density of binary MoSi 2 . The difference may come from some cavities as well as the silica phase formed during milling process. Silica phase has a much lower density compared to that of MoSi 2 alloy.
Mechanical properties
Vickers hardness test was conducted on the studied alloys and the results are displayed in Fig. 3 . For comparison, the hardness of MoSi 2 sintered from commercial powders (particle size was less than 50 µm) is also shown in the figure. The commercial powders were sintered by PDS process under the same temperature and time. The hardness values of the samples fabricated by MA-PDS process are higher than that of the sample sintered from commercial powders. As a general rule, the samples sintered from the powders milled in air shows high hardness compared to those of milled in Ar. The sample including Al sintered from powders milled in air has the highest hardness. For the samples sintered from the powders milled in the Ar atmosphere, monolithic MoSi 2 shows the highest hardness. Figure 4 shows the microstructure of binary MoSi 2 alloys and MoSi 2 -5Nb made from powders milled in air and in argon gas. All the four photos contain three phases: matrix MoSi 2 phase, dark silica phase and bright Mo 5 Si 3 phase. The alloy made from powers milled in air shows more silica phase and Mo 5 Si 3 phase compared to its counterpart milled in Ar gas. The appearance of silica is due to the oxidation process during milling and formation of Mo 5 Si 3 phase is a consequence of the deficiency of silicon as proposed by e.g. Mitra et al. 13) Milling in Ar gas suppressed the oxidation process and thus results in less silica and Mo 5 Si 3 phase. Further observations of the other alloys reveal that the alloys made from powders milled in air contain more oxide particles compared to their counterparts milled in Ar gas. This observation may help to explain the fact that the hardness of the alloys made from powders milled in air is higher. Figure 5 shows the fractographs of MoSi 2 alloys. It is clear that the alloy made from commercial powders has much coarse grain size. By SEM photos the grain sizes of the alloys are not easy to be exactly measured but it can be estimated that they are generally around 1 micron.
Microstructures
Conclusions
The MA-PDS process is a proper method to fabricate MoSi 2 alloys with fine microstructure. The microstructure of MoSi 2 alloys fabricated by the MA-PDS process is much finer than that of the sintered sample in employing the commercial MoSi 2 powders. Alloys made from powders milled in Ar has few oxide particles compared to their counterparts sintered from powders milled in air, presumably because of the suppression of the oxidation. The MoSi 2 alloys fabricated by the MA-PDS process shows high hardness values due to their fine grain sizes. The hardness of the sintered alloys made from the powders milled in air is much higher than that of the samples made from the powders milled in Ar because of the higher oxides volume fraction. 
